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(ii) Use the following equation if you
calculate brake-specific emissions over

.MZ
S
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ecomposite =

M=
S
a ]

Where:

i = test interval number.

N = number of test intervals.

WF = weighting factor for the test interval

__as defined in the standard-setting part.

m= mean steady-state mass rate of emissions
over the test interval as determined in

_ Dparagraph (e) of this section.

P is the mean steady-state power over the
test interval as described in paragraph
(e) of this section.

200

test intervals based on the ratio of
mass rate to power as described in
paragraph (b)(2) of this section:

Eq. 1065.650-19

Ezxample:

N=2

WF, = 0.85

WF, =0.15

my = 2.25842 g/hr
M, = 0.063443 g/hr
P\= 4.5383 kW
Pr= 0.0 KW

_(0.85-2.25842)+(0.15 - 0.063443)

eNOxcomposite -

eNOxcomposite = 0.5001 g/KW-hr

(h) Rounding. Round the final brake-
specific emission values to be com-
pared to the applicable standard only
after all calculations are complete (in-
cluding any drift correction, applicable
deterioration factors, adjustment fac-
tors, and allowances) and the result is
in g/(kW-hr) or units equivalent to the
units of the standard, such as g/(hp-hr).
See the definition of ‘“Round” in
§1065.1001.

[73 FR 37328, June 30, 2008, as amended at 73
FR 59332, Oct. 8, 2008; 75 FR 23048, Apr. 30,
2010; 76 FR 57457, Sept. 15, 2011]

(0.85 - 4.5383)+(0.15 - 0.0)

§1065.655 Chemical balances of fuel,
intake air, and exhaust.

(a) General. Chemical balances of
fuel, intake air, and exhaust may be
used to calculate flows, the amount of
water in their flows, and the wet con-
centration of constituents in their
flows. With one flow rate of either fuel,
intake air, or exhaust, you may use
chemical balances to determine the
flows of the other two. For example,
you may use chemical balances along
with either intake air or fuel flow to
determine raw exhaust flow.

(b) Procedures that require chemical
balances. We require chemical balances
when you determine the following:
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(1) A value proportional to total
work, W when you choose to determine
brake-specific emissions as described in
§1065.650(f).

(2) The amount of water in a raw or
diluted exhaust flow, Tuzoexn, When you
do not measure the amount of water to
correct for the amount of water re-
moved by a sampling system. Correct
for removed water according to
§1065.659.

(3) The calculated dilution air flow
when you do not measure dilution air
flow to correct for background emis-
sions as described in §1065.667(c) and
(d.

(c) Chemical balance procedure. The
calculations for a chemical balance in-
volve a system of equations that re-
quire iteration. We recommend using a
computer to solve this system of equa-
tions. You must guess the initial val-
ues of up to three quantities: The
amount of water in the measured flow,
TH2oexh, fraction of dilution air in di-
luted exhaust, Zgiexn, and the amount of
products on a C; basis per dry mole of
dry measured flow, Zccombary. YOU may
use time-weighted mean values of com-
bustion air humidity and dilution air
humidity in the chemical balance; as
long as your combustion air and dilu-
tion air humidities remain within tol-
erances of +£0.0025 mol/mol of their re-
spective mean values over the test in-
terval. For each emission concentra-
tion, x, and amount of water, Tuzoexh,
you must determine their completely
dry concentrations, Zay and Tuzoexhdry-
You must also use your fuel’s atomic
hydrogen-to-carbon ratio, o, oxygen-to-
carbon ratio, B, sulfur-to-carbon ratio,
v, and nitrogen-to-carbon ratio, . You
may measure o, B, v, and § or you may
use default values for a given fuel as
described in §1065.655(d). Use the fol-
lowing steps to complete a chemical
balance:

(1) Convert your measured concentra-
tions such as, Tcozmeas, xNOmeass ANA LH20ints
to dry concentrations by dividing them
by one minus the amount of water
present during their respective meas-
urements; for example: Tur0xCO2meas x»
H20xNOmeass and ZTH20int- If the amount of
water present during a ‘‘wet’ measure-
ment is the same as the unknown
amount of water in the exhaust flow,
Tooexh, iteratively solve for that value

40 CFR Ch. | (7-1-13 Edition)

in the system of equations. If you
measure only total NOx and not NO
and NO, separately, use good engineer-
ing judgment to estimate a split in
your total NOx concentration between
NO and NO, for the chemical balances.
For example, if you measure emissions
from a stoichiometric spark-ignition
engine, you may assume all NOx is NO.
For a compression-ignition engine, you
may assume that your molar con-
centration of NOx, Inox, is 75% NO and
25% NO,. For NO, storage
aftertreatment systems, you may as-
sume ITnox 18 26% NO and 75% NO,. Note
that for calculating the mass of NOx
emissions, you must use the molar
mass of NO, for the effective molar
mass of all NOx species, regardless of
the actual NO, fraction of NOx.

(2) Enter the equations in paragraph
(c)(4) of this section into a computer
program to iteratively solve for Tu>oexn,
Tccombdry, aNd Taivexn. USe good engineer-
ing judgment to guess initial values for
TH20exhs LCcombdry, AN Tgivexn. W€ rec-
ommend guessing an initial amount of
water that is about twice the amount
of water in your intake or dilution air.
We recommend guessing an initial
value of ZTccombary a8 the sum of your
measured CO,, CO, and THC values. We
also recommend guessing an initial
Zaizexn Detween 0.75 and 0.95, such as 0.8.
Iterate values in the system of equa-
tions until the most recently updated
guesses are all within +1% of their re-
spective most recently calculated val-
ues.

(3) Use the following symbols and
subscripts in the equations for this
paragraph (c):

ZTaivexn = amount of dilution gas or ex-
cess air per mole of exhaust.

Tmooexn = amount of water in exhaust
per mole of exhaust.

Tcecombary = amount of carbon from fuel
in the exhaust per mole of dry ex-
haust.

Tr2ary = amount of H, in exhaust per
amount of dry exhaust.

Kuoes = Water-gas reaction equi-
librium coefficient. You may use
3.5 or calculate your own value
using good engineering judgment.

TH20exhary = amount of water in exhaust
per dry mole of dry exhaust.
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Tprodsinary = amount of dry stoichio-
metric products per dry mole of in-
take air.

Zaivexndry = amount of dilution gas and/or
excess air per mole of dry exhaust.

Tinvexndry = @mount of intake air required
to produce actual combustion prod-
ucts per mole of dry (raw or di-
luted) exhaust.

Trawrexnary = amount of undiluted ex-
haust, without excess air, per mole
of dry (raw or diluted) exhaust.

Toxine = amount of intake air O, per
mole of intake air.

Tcozinry = amount of intake air CO, per
mole of dry intake air. You may
use Xcozimdary = 379 pmol/mol, but we
recommend measuring the actual
concentration in the intake air.

Tr2oinary = amount of intake air H,O per
mole of dry intake air.

Tcozie = amount of intake air CO, per
mole of intake air.

Zcozan = amount of dilution gas CO, per
mole of dilution gas.

Tcozdiary = amount of dilution gas CO»
per mole of dry dilution gas. If you
use air as diluent, you may use
Xcondilary = 375 pmol/mol, but we rec-
ommend measuring the actual con-
centration in the intake air.

Trzodiary = amount of dilution gas H,O
per mole of dry dilution gas.

§1065.655

Toodil = amount of dilution gas H,O per
mole of dilution gas.

Zlemissionjmeas = aimount of measured emis-
sion in the sample at the respective
gas analyzer.

Tlemissionldry = amount of emission per dry
mole of dry sample.

ZH20[emission]meas amount of water in
sample at emission-detection loca-
tion. Measure or estimate these
values according to §1065.145(e)(2).

Tm2oine = amount of water in the intake
air, based on a humidity measure-
ment of intake air.

o = atomic hydrogen-to-carbon ratio of

the mixture of fuel(s) being com-

busted, weighted by molar con-
sumption.
atomic oxygen-to-carbon ratio of
the mixture of fuel(s) being com-
busted, weighted by molar con-
sumption.

v = atomic sulfur-to-carbon ratio of the
mixture of fuel(s) being combusted,
weighted by molar consumption.

4 = atomic nitrogen-to-carbon ratio of
the mixture of fuel(s) being com-
busted, weighted by molar con-
sumption.

(4) Use the following equations to
iteratively solve for Zgexh, TH20exh, and
chombdry:

B:

X
Xgpe =1 — —_ Bq.1065.655-1
1+ Xp0exhary
_ *H20exhdry E
Xy20exh — 7 q. 1065.655-2

1 + 'xHZchhdry

Xecombdry — Xcozdry T Xcoary T Xrcary ~ Xcoadil ™ Xaivexndry ~ Xco2int * Xintiexhary

Xcodry '(xﬂzoexhdry ~ X204l 'xdil/exhdry)

Eq. 1065.655-3

xHZdry -

K

a
XH20exhdry — E (x('comhdry ~ XTHCdry ) + Xi20ait * Xaivexndry T Xi120int * Finvexndry ~ Xiiadry

Xdivexh

Xdivexhdry = 1

H20-gas © (xCOZdry ~ Xcondit " Xdivexhdry )

~ YH20exh

Eq. 1065.655-4

Eq. 1065.655-5

Eq. 1065.655-6
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a
=5 [(E - ﬁ +2+ 27 j(x(fcomhdry - XTH(‘dry) - (x(',Odry ~ Xnody ~ 2x\l()2dry + Xhodry )J Eq< 1065.655-7

1 ((a
Xrawlexhdry = E [[E +B+6 )(x(‘combdry = XrHcdry ) + (2x'mcmy + Xeoay = *nozary T Xiaary ) ]+ Kintiexhdry Eq. 1065.655-8

0.209820— XcOo2intdry

X02int = Eq. 1065.655-9
1+ xHZOintdry
XAnn:
Xeopy = —220Y _ Eq. 1065.655-10
1+ xHZOimdry
x = Ymwom gy 1065.655-11

H20intdry — 1
— X :
H20int

X, i
= MY Eg.1065.655-12

X =
R XH20dildry
*H204i
Xi120diary = % Eq. 1065.655-13
H204dil
Xcodry = — Sconm Eq. 1065.655-14
1= X450c0meas
— xCOZmeas
Xeoray = T Eq. 1065.655-15
1= Xi150c02meas
— xNOmeas
Xvoay = T Eq. 1065.655-16
1= X5 0n0meas
— xNOZmeas E
XNozdy = T g.- 1065.655-17
1= X080 2meas
— xTHCmeas E
Xrneay = 7 q.- 1065.655-18
1= Xy20mHCmeas

(5) The following example is a solu- using the equations in paragraph (c)(4)
tion for Zavexnx, TH20exh, aNd Tccombary Of this section:

0.184

Xgivexn = 1- T 3537
1+ ——

1000

= 0.822 mol/mol
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Xinoen = %: 34.16 mmol/mol
L35
1000
Xcombary = 0-0252 + 29.3 47.6 - 0.371 -0.851—w-0.172 =0.0249 mol/mol
1000000 1000000 1000 1000

29.3-(0.034-0.012-0.851) 8.5 umol mol
=8.5 umol /mo

Xodry =
3'5( 2520371 0851)
1000 1000
1.8 47.6
=-"10.0249— +0.012-0.851+0.017-0.
Frz0exhary =7 ( 1000000]
0.822

= 0.851mol/mol

Xdilvexhdry — 1-0.034

8.5
1000000

172— =0.0353 mol/mol

(%_0.050+2+2-0.0003j(0~°249_ 1&500}
1 =0.172mol/mol
29.3 50.4 12.1 8.5

Kinvexhdry = 2.0.206 (

0.0249 — 47.6 +
1000000

47.6 29.3 12.1 8.5

(E +0.050+0.0001
1\ 2

1000000 1000000 1000000 1000000

xraw/exhdry = 2
2. + - +
( 1000000 1000000 1000000 1000000
= 0.209820- 0.000375
02int
' 1+ 17.22
1000

= 0.206 mol/mol

_0.000375-1000
B 17.22
1+——==
1000

=0.369 mmol/mol

Xcozint

16.93

IW = 17.22mmol/mol

XH20intdry

1000

827
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§ 1065.655
Xcondil = %= 0.371mmol/mol
4+ 2=
1000
XH20dildry “T8787:1201 mmol/mol
~ 1000
29.0
XCOdWZW = 29.3mmol /mol
© 1000
xcozd,y:% = 25.2mmol/mol
1. o
1000
50.0
oy~ g 60T 50.4 mmol [ mol
~ 1000
xNOZdry:%: 12.1mmol [ mol
1. 2200
1000
46
xTHCdry :m = 47617’”’)101/7’}’10[
© 1000
«=18 (d) Carbon mass fraction. Determine
p=005 carbon mass fraction of fuel, w. using
gz (()J.((J)(()J(())?i one of the following methods:
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(1) You may calculate w. as described
in this paragraph (d)(1) based on meas-
ured fuel properties. To do so, you
must determine values for a and B in

§1065.655

all cases, but you may set y and & to
zero if the default value listed in Table
1 of this section is zero. Calculate w.
using the following equation:

1- M,

w =
C I Mo+aMy+B-My+y-Mg+6-M,

Where:

w. = carbon mass fraction of fuel.
Mc = molar mass of carbon.
o = atomic hydrogen-to-carbon ratio of the

Eq. 1065.655-19

3 = atomic nitrogen-to-carbon ratio of the
mixture of fuel(s) being combusted,
weighted by molar consumption.

My = molar mass of nitrogen.

mixture of fuel(s) being combusted, Example:
weighted by molar consumption. o=18

My = molar mass of hydrogen. B=0.05

B = atomic oxygen-to-carbon ratio of the y= 0.0003
mixture of fuel(s) being combusted, 5= 0'0001
weighted by molar consumption. -V

Mo = molar mass of oxygen. Mc = 12.0107

v = atomic sulfur-to-carbon ratio of the mix- My =1.01
ture of fuel(s) being combusted, weighted Mo = 15.9994
by molar consumption. Ms = 32.065

Ms = molar mass of sulfur. My = 14.0067

1-12.0107

Yo 1-12.0107+1.8-1.01+0.05-15.9994 + 0.0003-32.065+0.0001-14.0067

we = 0.8205

(2) You may use the default values in
the following table to determine w. for
a given fuel:

TABLE 1 OF § 1065.655—DEFAULT VALUES OF
o, B, v, 0, AND w,, FOR VARIOUS FUELS

Atomic hydrogen, oxy-
Fuel gen, sulf\{n, a%d ni)r(%/- mg:srbf?':c-
gen-to-carbon ratios | ;"% o/
CHoOBSYNS » e
Gasoline CHi.8500S0oNo 0.866
E10 Gasoline .. CH1.0200.03S0No 0.833
E15 Gasoline .. CH1.0500.0sS0No 0.817
E85 Gasoline .. CH>.7300.38S0No 0.576
#1 Diesel .. CH,.9300S0No 0.861
#2 Diesel <. | CH1.8000S0No 0.869
Liquefied Petroleum CH>.6400SoNo 0.819
Gas.

Natural gas CH; .75 O0.016S0No 0.747
E100 Ethanol .. CH300.5S0No 0.521
M100 Methanol CH40:SoNo 0.375

TABLE 1 OF § 1065.655—DEFAULT VALUES OF
o, B, v, 8, AND w. FOR VARIOUS FUELS—
Continued

Atomic hydrogen, oxy-

( Carbon
Fuel gen, sulfur, and nitro- | 70 e
gen-to-carbon ratios | o™, g/g

CHoOBSYNS

Residual fuel blends .. | Must be determined by measured
fuel properties as described in

paragraph (d)(1) of this section.

(e) Calculated raw exhaust molar flow
rate from measured intake air molar flow
rate or fuel mass flow rate. You may cal-
culate the raw exhaust molar flow rate
from which you sampled emissions,
Nexn, Dased on the measured intake air
molar flow rate, ni,, or the measured
fuel mass flow rate, Mpe, and the val-
ues calculated using the chemical bal-
ance in paragraph (c) of this section.
Note that the chemical balance must
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be based on raw exhaust gas concentra-
tions. Solve for the chemical balance
in paragraph (c) of this section at the
same frequency that you update and
record Mine OT Miyel.

(1) Crankcase flow rate. If engines are
not subject to crankcase controls
under the standard-setting part, you
may calculate raw exhaust flow based
on Niy Or Mpe Using one of the fol-
lowing:

(i) You may measure flow rate
through the crankcase vent and sub-

A,

int

40 CFR Ch. | (7-1-13 Edition)

tract it from the calculated exhaust
flow.

(ii) You may estimate flow rate
through the crankcase vent by engi-
neering analysis as long as the uncer-
tainty in your calculation does not ad-
versely affect your ability to show that
your engines comply with applicable
emission standards.

(iii) You may assume your crankcase
vent flow rate is zero.

(2) Intake air molar flow rate calcula-
tion. Based on ni,, calculate 7. as fol-
lows:

exh

Eq. 1065.655-20

(1 + xH20exhdry )

Where:

Nexn = raw exhaust molar flow rate from
which you measured emissions.

nie = intake air molar flow rate including
humidity in intake air.

1 (xint/cxhdry - xraw/cxhdry)

Example:

Nine = 3.780 mol/s

Zint/exhdry = 0.69021 mol/mol

Traw/exndry = 1.10764 mol/mol

Trooexhdry = 107.64 mmol/mol = 0.10764 mol/mol

3.780

n exh

1, (0.69021-1.10764)

(1+0.10764)

Nexn = 6.066 mol/s

(3) Fuel mass flow rate calculation.
Based on s, calculate 7, as follows:

W (1 + xHZOexhdry )

nexh -

M

c

Where:

Nexn = raw exhaust molar flow rate from
which you measured emissions.

Mmuwe = fuel flow rate including humidity in
intake air.

X Ccombdry

Eq. 1065.655-21

Example:

Mfuel =17.559 g/s

w. = 0.869 g/g

Mc = 12.0107 g/mol

Tccombdry = 99.87 mmol/mol = 0.09987 mol/mol
Tr20exhdry = 107.64 mmol/mol = 0.10764 mol/mol
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§1065.659

3 7.559-0.869 - (1+0.10764)

n
exh 12.0107-0.09987

Nexn = 6.066 Mol/s

(f) Calculated raw exhaust molar flow
rate from measured intake air molar flow
rate, dilute exhaust molar flow rate, and
dilute chemical balance. You may cal-
culate the raw exhaust molar flow rate,
Nexn, Dased on the measured intake air
molar flow rate, 7, the measured di-
lute exhaust molar flow rate, Ngexn, and
the values calculated using the chem-
ical balance in paragraph (c) of this
section. Note that the chemical bal-
ance must be based on dilute exhaust
gas concentrations. For continuous-
flow calculations, solve for the chem-
ical balance in paragraph (c) of this
section at the same frequency that you

update and record 7, and 7Ngexn. This
calculated 7., may be used for the PM
dilution ratio verification in §1065.546;
the calculation of dilution air molar
flow rate in the background correction
in §1065.667; and the calculation of
mass of emissions in §1065.650(c) for
species that are measured in the raw
exhaust.

(1) Crankcase flow rate. If engines are
not subject to crankcase controls
under the standard-setting part, cal-
culate raw exhaust flow as described in
paragraph (e)(1) of this section.

(2) Dilute exhaust and intake air molar
flow rate calculation. Calculate N, as
follows:

nexh = (‘xraw/exhdry - xint/exhdry ) ’ (1 - xHZOexh ) ’ ndexh + nint

Eq. 1065.655-22

Example:

Rine = 7.930mol/s

Trawlexhdry = 0.1544 mol/mol

Tinvexhdary = 0.1451 mol/mol

TH20exh = 32.46 mmol/mol - 0.03246 mol/
mol

7;Ld&:xh = 49.02 mol/s

Nexn = (0.1544—0.145(- (1—0.03246) - 49.02 +
7.930 = 0.4411 + 7.930 = 8.371 mol/s

[78 FR 37331, June 30, 2008, as amended at 73
FR 59334, Oct. 8, 2008; 75 FR 23051, Apr. 30,
2010; 76 FR 57458, Sept. 15, 2011]

§1065.659 Removed water correction.

(a) If you remove water upstream of
a concentration measurement, x, or up-
stream of a flow measurement, n, cor-
rect for the removed water. Perform
this correction based on the amount of
water at the concentration measure-
ment, xH20[emissinn|meas, and a/t the ﬂOW
meter, Turoexn, Whose flow is used to de-
termine the mass emission rate or
total mass over a test interval. For
continuous analyzers downstream of a
sample dryer for transient and ramped-

modal cycles, you must apply this cor-
rection on a continuous basis over the
test interval, even if you use one of the
options in §1065.145(e)(2) that results in
a constant value for ZTuoofemissionimeas D€-
cause Tuzoexh varies over the test inter-
val. For batch analyzers, determine the
flow-weighted average based on the
continuous Tuzoexn Values determined as
described in paragraph (c) of this sec-
tion. For batch analyzers, you may de-
termine the flow-weighted average
T20exh Dased on a single value of Tuzoexh
determined as described in paragraphs
(¢)(2) and (3) of this section, using flow-
weighted average or batch concentra-
tion inputs.

(b) Determine the amount of water
remaining downstream of a sample
dryer and at the concentration meas-
urement using one of the methods de-
scribed in §1065.145(e)(2). If you use a
sample dryer upstream of an analyzer
and if the calculated amount of water
remaining downstream of the sample
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